Background: Influenza vaccination (FV) is recommended for patients with cancer. Recent data suggested that the administration of the FV was associated with an increase in immune-related adverse events (irAEs) among patients on immune checkpoint inhibitors (ICIs). Myocarditis is an uncommon but serious complication of ICIs and may also result from infection with influenza. There are no data testing the relationship between FV and the development of myocarditis on ICIs. Methods: Patients on ICIs who developed myocarditis (n = 101) (cases) were compared to ICI-treated patients (n = 201) without myocarditis (controls). A patient was defined as having the FV if they were administered the FV from 6 months prior to start of ICI to anytime during ICI therapy. Alternate thresholds for FV status were also tested. The primary comparison of interest was the rate of FV between cases and controls. Patients with myocarditis were followed for major adverse cardiac events (MACE), defined as the composite of cardiogenic shock, cardiac arrest, hemodynamically significant complete heart block and cardiovascular death.
Results: The FV was administered to 25% of the myocarditis cases compared to 40% of the non-myocarditis ICItreated controls (p = 0.01). Similar findings of lower rates of FV administration were noted among myocarditis cases when alternate thresholds were tested. Among the myocarditis cases, those who were vaccinated had 3-fold lower troponin levels when compared to unvaccinated cases (FV vs 
Introduction
Immune checkpoint inhibitors (ICIs) have revolutionized the care of several groups of patients with advanced cancers [1] . These therapies are approved for use among patients with metastatic melanoma, non-small cell lung cancer, squamous carcinoma of the head and neck, renal cell carcinoma, Hodgkin's lymphoma, liver cancer, squamous cell of the skin and bladder cancer [2] [3] [4] [5] [6] [7] [8] . Checkpoint inhibitors are predominantly approved in late stage patients but, due to efficacy, are being expanded to adjuvant settings [9] [10] [11] [12] [13] . They work by releasing negative regulators of immune activation, thus facilitating the recognition of tumors by the immune system. As anticipated, activation of the immune system may result in immune-mediated adverse effects (irAEs) [14] . Myocarditis is an uncommon but serious immune complication of ICIs [15] [16] [17] [18] [19] [20] [21] [22] , myocarditis related to an ICI occurs early after initiation of ICIs [15] and the development of myocarditis after ICIs is associated with significant morbidity and mortality [15, [20] [21] [22] [23] [24] . The risk factors for the development of myocarditis among patients on ICI therapy are poorly understood [16, 25] and an improved understanding is needed. In this submission, we tested the effect of administration of the FV on the development of myocarditis. By way of background, there is controversy as to whether it is safe to administer the influenza vaccine to patients receiving immunotherapy and there are data in patients at risk of cardiovascular disease that the influenza vaccine may be protective. The national comprehensive cancer network (NCCN) guidelines recommend the FV in patients with hematologic or solid tumor malignancies, but there are no guidelines specific to those on immune therapy [26] . In a recent study, with 23 lung cancer patients on ICI (cases) and 11 agematched healthy controls, influenza vaccination was associated with a heightened immune and inflammatory response resulting in a high rate of general irAEs (52.2%) [27] . In contrast, in a multi-center study with a broad range of cancers, FV administration was associated with a non-significant increase in overall survival among patients on ICI's [28] and in a single center retrospective study of over 500 patients, a similar rate of general irAEs were noted between vaccinated (37.4%) and unvaccinated patients (42.6%) [29] . However, the majority of the irAEs in that study (87%) were ICI-related pneumonitis and there are no studies to date testing the association of the FV and development of ICI related myocarditis [29] . Therefore, the goal of this study is to test the association between FV and the development of myocarditis among patients on ICI's. This relationship between FV status and the development of myocarditis may be of additional importance as the development of influenza infection is also, albeit rarely, associated itself with an increased risk for myocarditis and major adverse cardiovascular events [30] [31] [32] . Additional goals included testing the effect of FV status on outcomes among those patients who develop myocarditis.
Methods

Patients
Cases were derived from a 16-center institutional registry, which was created to collate cases of ICI-related myocarditis. The cases were diagnosed between November 2013 and October 2018. Controls were derived from a single-center registry (Massachusetts General Hospital, Boston, Massachusetts) of all patients started on ICI in the same time interval who did not develop myocarditis. The number of patients treated with ICI therapy at Massachusetts General Hospital during the study period was confirmed by 2 independent researchers. Controls, in a 2:1 ratio, were randomly selected and not pre-selected to match cases on any variables. The study was approved by each center's institutional review board, and the requirement for written informed consent was waived.
Covariates
Data on covariates of interest were retrospectively extracted from electronic medical records and included standard demographics, cardiovascular risk factors, medication, and echocardiographic variables. Cancer-specific covariates included the cancer type, ICI treatment, prior cardiotoxic chemotherapy, and prior radiation therapy. Myocarditis specific covariates included clinical presentation, physical examination, cardiac biomarkers, and echocardiographic parameters.
Definitions and outcome of interest
The diagnosis of myocarditis was made by one of two standard methods; 1. The presence of standard histological features present on endomyocardial biopsy or autopsy or 2. A guideline-recommended standardized scoring system which incorporates clinical, biomarker and cardiac imaging features [33] . Subjects were defined as having received the FV if they received the FV anytime from 6 months prior to starting ICI to receiving the FV while on ICI therapy. This time frame was chosen as numerous studies have shown the period of effectiveness of the vaccine ranges within different cohorts, but peaks at 4-6 months, after which significantly declines [34, 35] . The administration of FV was at the discretion of clinician involved in care and not performed as part of a study. Two alternate thresholds to define FV status were also tested. In a second analysis, we defined FV status based on receiving the FV anytime from 3 months prior to starting ICI to receiving the FV while on ICI therapy. In the third definition of FV status, the FV group was restricted to those who were administered the FV after starting on an ICI. The first comparison was between cases who developed myocarditis and controls who did not develop myocarditis, separated by FV status. Additional analyses performed were restricted only to myocarditis cases. Within the cases who developed myocarditis, we next tested the association between FV status and adverse cardiovascular outcomes after the development of myocarditis. Major adverse cardiac events (MACE) was defined, as per prior studies among patients on ICI, as a composite of cardiovascular death, cardiac arrest, cardiogenic shock, and hemodynamically significant complete heart block (CHB) [15] . In cases where cardiac arrest, cardiogenic shock, or CHB led to death, that case was counted as a cardiac death. Standard definitions were used for cardiovascular death [36] , cardiac arrest [37] , and cardiogenic shock [38] . Hemodynamically significant CHB was defined as a complete absence of atrial-to-ventricular conduction requiring a temporary pacemaker [39] .
Statistical analysis
Continuous variables were summarized as either the mean ± standard deviation (SD) or as the median and interquartile range (IQR), as appropriate, and categorical variables were presented as percentages. Comparisons by case status (case vs. control) and by flu vaccination status were compared using the Student's t-test for continuous variables or either the chi-square or Fisher's exact test for categorical variables. Kaplan Meier curves and the log-rank test were generated to quantify the relationship between FV and MACE-free survival. All statistical tests were 2-sided and 5% was set as the level of significance. Statistical analysis was performed using R Version 3.5.1 (R foundation for statistical computing, Vienna, Austria).
Results
Patient characteristics
The mean age of patients (n = 101) who developed ICI-associated myocarditis was 67 ± 18 years with 72% being male ( Table 1 ). The median time to onset of myocarditis from first ICI was 57 days (interquartile range 27-122 days). In comparison with controls (n = 201), myocarditis cases had a higher body mass index (Table 1) ; otherwise, there were no major differences in non-cancer variables between cases and controls. The most common presentations were chest pain and shortness of breath (Table 3 ). An echocardiogram was performed in 98% (99/ 101) of cases; 41% (41/99) had a reduced ejection fraction (EF) (< 50%) and 59% had a preserved EF.
Cancer and treatment characteristics
The most common indications for ICI were melanoma and non-small cell lung cancer (Table 1) . Compared to controls, the myocarditis cases were less likely to have had prior radiation therapy, taxol or carboplatin chemotherapy (Table 1) . When compared to the control group without myocarditis, the myocarditis cases were also more likely to have received combination ICI therapy (Table 2) . However, overall, most cases of myocarditis were being treated with concurrent single ICI therapy (72%). A complete description of the ICI therapies between cases and controls separated by those on combination therapy or single therapy at presentation is shown in Table 2 ). 50% of the myocarditis cases had not experienced another ICI-related side effect. There was generally no difference in the overall prevalence of other ICI-related side effects between cases and controls; however, myocarditis cases who did have an additional previous immune-related side effect had higher rates of pneumonitis and neurological side effects (Table 2) .
Influenza vaccination
Within 6 months prior to starting or during ICI treatment, 25% (25/101) of the myocarditis cases received the FV (median of 88 days, interquartile range 25-120 days). In comparison, FV was administered to 40% (80/201, p = 0.01 for rate comparison) of controls on an ICI who did not develop myocarditis (median of 79 days, interquartile range of 43-170, Table 1 ). We also restricted the comparison of FV rates to cases from the institution where the controls were also derived (MGH). We found that in an analysis restricted to myocarditis cases at MGH, the rate of FV among cases was 17% (5/30, p = 0.02). Additional time-cut offs in the larger cohort were also tested to define whether a patient received the FV. In a second cut-off, we defined FV as having been administered the FV within 3 months prior to starting ICI treatment or during ICI therapy. When implementing this second time-cut off, 17% (17/101) of the myocarditis cases (31 [6, 85] days prior to ICI start) received the FV compared to 34% (69/201, p = 0.002 for rate comparison) of controls (44 [13, 58] days prior to ICI start, Table 1 ). A complete description comparing the myocarditis cases using the 3-month time-cut off stratified by FV status is presented in Additional file 1: Table S1 . We additionally used a third cut-off time to define FV status. In this third cut-off, we defined FV as only those who were administered the FV while on ICI. When FV status was restricted to those administered the FV while on ICI, the rates of FV in myocarditis cases during the period while on ICI therapy was 8% (8/101) compared to 17% (34/201) of controls who did not develop myocarditis (p = 0.04, a complete description of comparisons using this final threshold is not shown). We also tested whether there was temporal pattern in myocarditis presentation. There was no difference found in the temporal pattern of presentation with myocarditis, with 31% occurring in Spring, 22% in Summer, 21% in Autumn and 26% in Winter (p = 0.31).
Comparison within myocarditis cases of those that were and were not administered the FV When myocarditis cases who received the FV in the 6 months prior to ICI were compared to myocarditis cases who did not receive the FV, there was no difference with respect to age (69 ± 8 vs. 66 ± 20 years, p = 0.60), sex (male, 68 vs. 74%, p = 0.58), or cardiovascular risk factors (smoking history 48 vs. 47%, p = 0.95; hypertension 58 vs. 60%, p = 0.42; diabetes mellitus 30 vs. 21%, p = 0.36, Table 3 ). There was also no difference in the use of monotherapy or combined ICI treatment, as well as overall ICIs used among myocarditis cases when stratified by vaccination status. A complete description of the comparisons of ICI therapies between myocarditis cases who were and were not administered the FV is presented in Table 3 . The occurrence of other irAEs was compared within the myocarditis cases, and 36% of cases vaccinated compared to 55% of unvaccinated cases had further immune side effects during treatment (p = 0.10). Cases administered the vaccination were not at Values are mean ± SD or n (%), unless otherwise indicated.
a Chronic kidney disease = glomerular filtration rate < 60 ml/min/1.73 m2. ICI immune checkpoint inhibitors, CV cardiovascular, COPD chronic obstructive pulmonary disease, VEGF vascular endothelial growth factor, ACE angiotensin converting enzyme, ARB angiotensin receptor blockers increased risk of other immune side effects during treatment (FV vs. no FV, hypophysitis 4 vs. 7%, p = 1.00; hepatitis 4 vs. 9%, p = 0.68; colitis 8 vs. 9%, p = 1.00; dermatitis 0 vs. 8%, p = 0.33; neurological 4 vs. 13%, p = 0.28 or gastritis 0 vs. 4%, p = 0.57 (Table 3) ). In contrast, myocarditis cases administered the FV were less likely to have prior ICI-related pneumonitis (12 vs. 36%, p = 0.03) ( 
Major adverse cardiac events
The median follow-up of myocarditis cases was 175 days (interquartile range 89 to 363 days] ( Table 2 ) and during this follow-up period, 47% (47/101) of all myocarditis cases experienced a MACE: CHB (n = 16), cardiogenic shock (n = 17), cardiac arrest (n = 15), or cardiovascular death (n = 32, Table 3 ). Myocarditis cases who received the FV were at a lower risk of cumulative MACE when compared to unvaccinated cases (cumulative MACE 24 vs. 59%, p = 0.002) (Fig. 1) . When the individual components of MACE were compared, vaccinated cases were less likely to have a cardiovascular death when compared to cases not administered the flu vaccine (36 vs. 72%, p = 0.04, Table 3 ). The rates of the other individual components were non-significantly lower among those administered the FV: complete heart block (9 vs. 19%, FV vs. no FV, p = 0.35), cardiogenic shock (9 vs. 20%, p = 0.35), or cardiac arrest (9 vs. 17%, p = 0.51, Table 3 ).
Discussion
We tested the association between FV and the development of myocarditis among patients on ICIs, and the effect of FV status on presentation and outcomes among patients who develop ICI-myocarditis. In our retrospective study of 101 ICI-related myocarditis cases, we found that 25% were vaccinated against influenza. In comparison, rate of vaccination for influenza was higher (40%) among 201 control patients on ICIs who did not develop myocarditis. This first analysis included those administered the FV from 6 months prior to commencing ICI therapy or during therapy. Similar findings of lower rates of vaccination against flu among myocarditis cases were noted when using a 3-month cut-off or, when restricting FV to administration during ICI therapy only and restricting to cases from the same institution from where the controls were derived. Among myocarditis cases, serum troponin, a measure of myocardial injury used to detect myocarditis, was 3-fold higher among myocarditis cases not administered the FV. This increase in serum troponin among unvaccinated myocarditis cases was associated with an increase in subsequent major adverse cardiac events. Specifically, during follow up, the rate of cumulative MACE among unvaccinated cases was more than double the adverse event rate seen among myocarditis cases administered the FV. Additional parallel findings of importance related to pneumonitis were noted that were not the primary focus of this paper. As compared to controls who did not develop myocarditis, the rates of pneumonitis were higher among myocarditis cases; and in analyses restricted to myocarditis cases, the rates of pneumonitis were higher among those cases not administered the FV. Data testing the association between FV status and immune-mediated adverse events among patients on ICI therapy have provided conflicting results. In a single center study among patients with lung cancer, influenza vaccination during treatment with anti-PD1 induced an adequate serological protection from influenza, an increased inflammatory response and heightened the risk for immune-related adverse events [27] . There are differences in our study and that prior study that may explain the discordant findings. Specifically, we included patients with all types of cancers who were on an ICI, we included all types of ICI therapies and we only primarily focused on one type of adverse event, myocarditis. We focused on myocarditis for the following four reasons: 1) myocarditis is an uncommon but serious complication of ICI therapy, 2) myocarditis can occur among patients with active influenza infection, 3) vaccination against influenza has been associated with a reduction in cardiovascular events in broad populations [40, 41] , 4) the risk for cardiovascular events is increased broadly among patients with cancer, Data among broad populations showing a beneficial effect of FV on cardiovascular events are robust. For example, in a large meta-analysis of randomized controlled trials of nearly 7000 patients, the administration of FV was associated with a lower risk of MACE [30] . Other studies have also suggested that the use of the FV vaccine may be safe among patients on an ICI. Specifically, a recent single center study suggested that the seasonal influenza vaccination is safe and may be beneficial for patients on ICI with reduced rates of hospital admissions from flu-related and immunotherapy-related adverse events [29] . This latter study also included patients with all types of cancer and ICI therapies.
In supportive findings of a protective effect of FV among patients on an ICI, we found that biomarkers of risk in general myocarditis and for adverse events among patients who develop ICI myocarditis were higher among unvaccinated cases. We previously noted that serum troponin, a sensitive marker for myocardial injury is elevated among most patients with ICI myocarditis and the degree of elevation of serum troponin is a predictor of adverse cardiovascular events among patients who develop myocarditis on an ICI [15] . In this current study, troponin levels were higher among unvaccinated cases with ICI myocarditis compared to cases with myocarditis who were administered the FV. We also noted that serious adverse cardiac events were increased among patients who developed ICI myocarditis and were not previously administered the FV.
Although not the primary focus of this paper our findings regarding other immune-related adverse events, specifically pneumonitis, merit discussion. Our rates of any grade of other irAEs were 36 and 55% in the vaccinated and unvaccinated cases, respectively. These are comparable to the 37% irAEs in the vaccinated group and 43% in the unvaccinated group reported in the discussed single center study showing a protective effect of FV [29] . However, these rates are still lower than the rate of 52.2% of previously vaccinated patients developing any grade irAEs in the study of Läubli and colleagues [27] . We found higher rates of pneumonitis in the population without FV, Pneumonitis and pneumonia are important causes of influenza-associated morbidity and mortality among broad populations [42, 43] and FV has [25] and 74 of the 76 unvaccinated cases had an admission echocardiogram.
f Cases may have had more than one MACE, but only first event encountered was included in analysis. CV cardiovascular, ICI immune checkpoint inhibitors, anti-CTLA4 anti-cytotoxic T-lymphocyte-associated protein 4, anti-PD1 anti-programmed cell death protein 1, anti-PDL1 anti-programmed death-ligand 1, LVEF left ventricular ejection fraction, LVIDD left ventricular internal dimension diameter, BNP brain natriuretic peptide, NT-pro BNP N-terminal pro BNP Fig. 1 Kaplan-Meier curve showing cumulative MACE among cases stratified by flu vaccination status been shown to reduce morbidity and mortality among at-risk individuals [40, 43] , including patients with cancer [44] [45] [46] . In our cohort, vaccinated cases had lower rates of immune-related pneumonitis compared to unvaccinated cases. This may be explained by the protective nature of the FV against pneumonitis and pneumonia and support the need for prospective randomized studies in this at-risk population.
This study has some limitations that merit discussion. This is the largest registry of patients with ICI-myocarditis; however, this was a retrospective case-control study where cases were derived from multiple institutions and controls were derived from a single institution. To address this, we also compared the rates of FV within cases and controls from the same institution and found similar results of a lower rate of FV among patients on an ICI who got myocarditis. Additionally, as this was a retrospective study, the type of influenza vaccination, the specific antibody titers and measures of inflammatory response were not recorded. Also, the choice of whether patients were administered the FV was at the discretion of the clinician involved in their care, which differed between the centers but also locally within each center. Ideally to test the association of the FV and ICI myocarditis, a prospective study comparing all ICI patients with and without FV who develop myocarditis, or a randomized clinical trial would be warranted. However, with a low incidence rate of ICI-myocarditis (~0.5-1.0% or less) [14, 15, 20, 21] , to test this association adequately, a large cohort of subjects would be required. In addition, there are currently no available systematic screening approaches for myocarditis among patients on ICIs and diagnosis is based on physician's suspicion. Therefore, a prospective approach may also lead to an underestimation in the incidence of myocarditis and the effect of the FV. Finally, this study does not provide a mechanism by which the FV may be protective. Indeed, the mechanism underlying the protective effect of the FV against cardiovascular events in the general population is also unclear [30] , but potential mechanisms include rupture of a vulnerable atherosclerotic plaque, heart failure, or, relevant to this study, myocarditis [32, [47] [48] [49] . Direct involvement of influenza in the myocardium, leading to myocarditis, is uncommon with rates of up to 10% reported depending on methods of detection used [31] and influenza infection can cause myocarditis by direct cytolysis of the myocyte causing necrosis, but also the host immune response to the virus may play an important role [50] .
Conclusion
In summary, the administration of the FV was not associated with an increased risk of subsequent myocarditis among patients on ICI. In contrast, rates of influenza vaccination were lower among patients who did develop myocarditis on ICI, and the influenza vaccine was associated with a lower rate of ICI-related pneumonitis. At presentation, myocarditis cases administered the FV had lower troponin levels and, in follow-up, had lower rates of cumulative MACE. There is a clear need to establish the safety status of influenza vaccination among cancer patients treated with ICIs, as our data suggest that it may be protective. Further large studies are warranted to test and validate these important findings.
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